The present paper describes the grain size refinements of an Al-7.8 mass%Mg alloy by hydrogen heat-treatment of so-called Hydrogenation-Disproportionation-Desorption-Recombination (HDDR) process. Upon hydrogenation of the alloys, a disproportionation reaction occurred in forming of MgH 2 embedded in Al matrix phases. In the subsequent hydrogen-desorption of the alloys, MgH 2 was decomposed and was resolved into Al matrix phase, in resulting in the original solid solution of the alloys. This means that the HDDR phenomena take place in the Al-7.8 mass%Mg alloy. It is rather surprising that the grain size of the alloy turned into a several 10 nm after HDDR treatments such as heat-treatment at 350 C under hydrogen pressure of 7.5 MPa for 72 h, in following by the hydrogen desorption treatment at 350 C for 4 h in vacuum. This could be the first report that HDDR treatments are effective in producing the fine grain size of the order of nm in Al-based alloys.
Introduction
Aluminum alloys are light mass and have good mechanical properties. Especially, the Al-Mg-based alloys, classified as 5000 system, exhibit a high strength by a solute strengthening mechanism. So these alloys have been used in a variety of industrial fields, such as part of ship and the automobile application. In order to enlarge the usage of Al-based alloys, further improvements of their mechanical properties including ductility and strength are strongly required. Ordinary Albased alloys are strengthened by using conventional mechanisms such as solid-solution hardening, precipitation hardening, grain size refinement, dispersion, work hardening, and fiber reinforcement. But the only way to obtain both properties of strength and ductility will be grain size refinement. Materials with fine grain have unusual and extraordinary mechanical and physical properties.
In the past, a number of grain size refinement techniques have been reported such as the Accumulative Roll-Bonding (ARB) process, 1) equal channel angular pressing (ECAP) 2) and high-pressure torsion (HPT).
3) The possible another technique to refine the grain size will be HydrogenationDisproportionation-Desorption-Recombination (HDDR) treatment which was formed in Nd-Fe-B permanent magnetic alloy. [4] [5] [6] It is also reported, HDDR treatment is effective for obtaining fine grain in Ti-based alloys. 7, 8) We have reported that HDDR treatment is also applicably to the grain refinement in Mg-based solid-solution alloys (AZ91, AZ61, AZ31, and ZK60). [9] [10] [11] The grain sizes of these alloys were refined to around 0.1 mm. However, the occurrence of HDDR phenomena was only reported in the alloys mainly consisting of the elements with strong affinity with hydrogen. There are no reports that HDDR phenomena possibly accurse in the alloys which consist of mainly elements with weak affinity with hydrogen. It is supposed that HDDR phenomena may take place in the alloys which contain some amounts of the elements with strong affinity with hydrogen, even though the alloys are mostly consist of the elements with weak affinity with hydrogen.
We chose an Al-7.8 mass%Mg (Al-7.8Mg) alloy in per suiting the possibility of occurrence of HDDR phenomena. Then, the purpose of the present study is to investigate of occurrence of the HDDR phenomena and their effects on the evolution of the microstructure in the Al-7.8 mass%Mg alloy.
Experimental Procedures
The Al-7.8Mg alloy was selected for the present study. Homogenization treatment was carried out at 450 C for 24 h and then the samples were quenched into water. After removing oxide from surface of the alloy plates by using SiO 2 paper, ultrasonic washing was carried out in acetone. Then the plates were cut and ground into coarse powder with a diameter of less than 100 mm in Ar-filled glove box. After that, the powder was subjected to the HDDR treatment. The hydrogenation was carried out at 250-450 C under a hydrogen pressure of 7.5 MPa, and dehydrogenation was done at the same temperature range for 0.5-4 h by using a rotary oilpump.
The phase changes during with HDDR phenomena was monitored by powder X-ray diffraction (XRD), and microstructural observations were performed by transmission electron microscopy (TEM). The samples subjected to TEM observation were prepared as follows: the sample powder was poured into the cupper sleeve (outer diameter: 3 mm, inside: 1 mm) with resin. After solidifying, the sleeve was sliced by low speed cuter and ground to about 10 mm thickness by using Tripod Polisher. Then the thin plate was put on a cupper grid and thinned by using an ion-milling apparatus. Figure 1 shows the XRD pattern of the Al-7.8Mg alloy 12) The mass percent of the alloys is almost consistent with that of the alloys, and the Mg was solute in Al.
Results and Discussion
Figures 2(a) and (b) show TEM micrographs of the homogenized Al-7.8Mg alloy. The electron diffraction pattern in Fig. 2 (a) was attributed to single-crystal grain, and the grain size was observed about 10 mm for virgin sample. Figure 3 shows X-ray diffraction patterns of the Al-7.8Mg alloys after hydrogenation at 250-450 C for 36 h. After hydrogenation at 300-400 C, the sample exhibited peaks of MgH 2 and Al. The Al 3 Mg 2 peak was observed in the sample treated at 250 C. Appearance of this inermetallic compound is the reason that the maximum soluble Mg amount in Al at 250 C is about 5 mass%. Table 1 shows the lattice constants of Al-7.8Mg alloys after hydrogenation at each temperature. Except for the sample treated at 450 C, lattice constant generally decreased. The high decrement of the lattice constants of the alloys treated at 250 C will be due to the formation of the intermetallic compound of Al 3 Mg 2 , while the formation of MgH 2 after treated at 300-400 C. This indicates that the solute Mg in Al was hydride into MgH 2 during hydrogen heat-treatment at these temperatures. In other wards, a disproportionation reaction occurred in Al-Mg alloys in forming MgH 2 and Al phases. The lattice constant of 0.40606 nm of the alloys treated at 350 C suggested that hydrogenation reaction properly takes place at this temperature. Then, the optimum temperature of the alloy is regarded as 350 C in this study. In the most, optimum heat-treatment time at 350 C is studied. Figures 4(a) and (b) show X-ray diffraction patterns of the Al-7.8Mg alloys hydrogenated at 350 C for 24-72 h. In Fig. 4(a) , Al and MgH 2 phases were observed for all the samples. Table 2 shows the lattice constants of Al-7.8Mg alloys after hydrogenation at 350 C for various time. These lattice constants almost unchanged with increasing hydrogen heat-treatment time. Since hydrogenated area of the samples should cover the all powders bodies, it is decided that optimum heat-treatment time at 350 C will be 72 h in this study. However, the diffraction spots corresponding to MgH 2 were not observed. This may be resulted from dehydrogenation and oxidation of MgH 2 during preparing TEM sample, especially ion-milling. Even though the hydrogen dissociation temperature of MgH 2 is about 300 C under atmospheric pressures, the temperature can be lowered as a function of partial pressure of hydrogen P(H 2 ). This means that, during ion-milling apparatus, MgH 2 can be easily dehydrided by heat caused by incident ion-beam. As a result, the formation of MgO was observed in TEM study instead of MgH 2 . To observe the microstructures of hydrided sample, liquid N 2 -cooled sample stage appears to be needed. Then it can be said that upon hydrogenation of the alloys, a disproportionation reaction of Al-Mg solid solution alloys occurred in forming of MgH 2 embedded in Al matrix phases. Figure 6 show X-ray diffraction patterns of the hydrogenated Al-7.8Mg alloys at 350 C for 72 h, in following by the hydrogen desorption treatment at 350 C for 0.5-4 h. MgH 2 phase was observed for the sample dehydrogenated for 0.5 h and for 1 h, but it disappeared, and the structure of the Al-7.8Mg alloy was reformed. Table 3 shows the lattice constants of the Al-7.8Mg alloys after dehydrogenation at 350 C for 0.5-4 h. As increasing dehydrogenation time, these lattice constants of Al phase also increase by the time up to 3 h, and became nearly same value as those of the original Al-7.8Mg alloy. This indicates that MgH 2 was decomposed and was resolved in Al matrix phase, in the resulting in the original solid solution of the alloys. So this means that the dehydrogenation-recombination reactions can be considered to be accomplished, and the HDDR phenomena take place in the Al-7.8Mg alloy. Figure 7 shows TEM micrographs of the sample after dehydrogenation at 350 C for 4 h. From the selected area diffraction (SAD) in Fig. 7(a) , the diffraction patterns like rings were observed and were indexed as Al phase. Compared with the SAD pattern in Fig. 2(a) , the SAD pattern of this dehydrided sample show obvious difference between spots and rings, suggesting that the grain refinement occurred. The dark field micrograph imaged with the (200) spots of Al as shown in Fig. 7(b) exhibited that the grain size was found to be about 20 nm. The decision of grain size was considered by line method. It is rather surprising that Albased alloy consist of fine grain size of nm order produced by HDDR treatment. Then, it can be said that the HDDR treatment can be effective method for the grain refinement also in Al-Mg alloys. This could be first observation that HDDR phenomena occurring Al-Mg alloys, and yield the fine grain size of the alloys. The fine grain size would be formed during the process of dehydrided of MgH 2 and reformation of Al-Mg solid solution. The size of MgH 2 will be important factor for giving the fine grains.
It is considered that solute Mg which has strongly affinity with hydrogen in Al is the most important factor for the grain refinement by HDDR treatment. Once hydrogen will diffuse into the sample, Mg will referentially react with hydrogen in forming MgH 2 . Fine MgH 2 phases are dispersed in Al matrix phase. Upon dehydrogenation, MgH 2 decomposed into Mg and hydrogen, and simultaneously Al atom diffuse into Mgrich region (MgH 2 ) and the original composition of the alloy are reformed. As a result, fine grain size of nm order was attained. Then, it is expected that this HDDR phenomena will be also applicable to another alloys with consist of mainly the elements with affinity with hydrogen, such as Cu-based, Agbased, Au-based alloys. Further studies on expending the application of the HDDR phenomena are strongly required.
Conclusions
The possibility of occurrence of HDDR phenomena and evolution of the microstructure was studied in Al-Mg alloy. Upon hydrogenation, Al-7.8 mass%Mg alloy was disproportionated Al and MgH 2 phases. At the following dehydrogenation, MgH 2 was decomposed and was resolved in Al matrix phase, and the initial Al-Mg solid-solution alloy was formed. It was found that the Al-7.8 mass%Mg alloy exhibit HDDR phenomena by hydrogen-absorption and desorption. The grain size of Al-7.8 mass%Mg alloy after HDDR treatment was reduced to about 20 nm. This could be first observation that HDDR phenomena occur in Al-Mg alloy, and are effective for yielding the fine grain size of nm order. 
